We have cloned and characterized three distinct Rhizobium meliloti loci involved in glutamine biosynthesis (ginA, glnlI, and glnT 
[ADP-forming]; EC 6.3.1.2.), coupled in a two-step pathway to glutamate synthase (GOGAT; glutamine-oxoglutarate aminotransferase; EC 2.6.1.53), plays an essential role in bacterial nitrogen assimilation. In enteric bacteria, the GS-GOGAT pathway is primarily responsible for nitrogen assimilation under low concentrations of available ammonia (44) . The gene encoding GS (glnA) in enteric bacteria is controlled via two promoters by a complex nitrogen-regulatory system (ntr) that coordinately regulates a number of loci involved in nitrogen metabolism. One of the two glnA promoters resembles general bacterial promoters and is repressed by the product of the ntrC gene (NR1). The second glnA promoter consists of a DNA sequence motif typical of ntr-regulated promoters and requires the ntrC product (NR1) as well as an alternative sigma factor (ntrA or rpoN product) for activation (29, 30, 32, 54) . In addition to transcriptional regulation of glnA by the ntr system, GS activity is regulated posttranslationally via adenylylation (44) .
In contrast to enteric bacteria, members of the family Rhizobiaceae, including Rhizobium, Bradyrhizobium, and Agrobacterium species, contain at least two distinct forms of GS (13, 27, 38, 62) . GSI is a homolog of the ginA gene product of enteric bacteria in terms of its heat stability, molecular mass (monomer -55,000 daltons), subunit struc-ture (12 subunits), and adenylylation properties. GSII, on the other hand, is composed of eight identical subunits of -36,000 daltons each, heat labile, and not subject to adenylylation control (14, 28, 40, 47) . In fact, GSII is structurally similar to GS forms found in eucaryotic organisms, such as plants (9) . Recently, we described the structure and regulation of the Agrobacterium tumefaciens gln loci (56, 57) . Here we extend this analysis to Rhizobium meliloti and show that R. meliloti contains three distinct loci involved in glutamine synthesis (ginA, glnlI, and glnT), which are differentially regulated in response to fluctuating ammonium concentrations and which appear to be nonessential for symbiotic nitrogen fixation.
(Preliminary aspects of this work have been described by de Bruijn et al. [20, 21] .)
MATERIALS AND METHODS
Bacterial strains, media, and plasmids. The bacterial strains and recombinant plasmids used are listed in Table 1 . Strain FDB213 was isolated as a Tcs derivative of FDB128 after cycloserine enrichment. For Escherichia coli the rich medium was LB and the minimal medium was M9 (48) . Rich medium for R. meliloti was TY (3) and minimal medium was GTS (35) . The media were supplemented with 0.2% glutamine in the case of Gln-strains. Antibiotics were added to the following final concentrations: ampicillin, 40 p,g/ml; chloramphenicol, 60 ,ug/ml; gentamicin, 50 pig/ml; kanamycin, 25 ,ug/ml for E. coli or 200 jig/ml for R. meliloti; rifampin, 100 jig/ml; streptomycin, 250 pg/ml (R. meliloti); tetracycline, 10 ,ug/ml for E. coli and R. meliloti.
Plasmid DNA isolation. Large-scale and small-scale plasmid DNA preparations were carried out according to IshHorowicz and Burke (33) and de Bruijn and Lupski (18) . Total chromosomal DNA isolation. Rhizobium DNA was isolated by using a protocol modified from Meade et al. (46) , as described by Rossbach et al. (56) .
Restriction endonuclease analysis, liptions, and transformations. Restriction endonucleases were purchased from Bethesda Research Laboratories (BRL; Gaithersburg, Md.), New England BioLabs (Waltham, Mass.), or Boehringer (Mannheim, Federal Republic of Germany) and used according to the specifications prescribed by the manufacturers. Agarose gel electrophoresis, ligations, and transformation were carried out as described before (45) .
Nick translations, Southern blotting, and hybridiz ns.
Nick translations were carried out with a kit purchased from Amersham, as specified by the manufacturer. Southern blotting and DNA-DNA hybridizations were carried out as described before (45) . Colony hybridizations were performed according to Maas (43 Conjuptions and gene repcement e ts. Conjugations and gene replacement experiments were performed as described before (15) . Strains 1-20 and 1-21 were obtained by mobilizing pFB682:TnS 20 and 21, respectively (Fig. 1A) , into R. meliloti 1021 by using GJ28 (63) and screening for loss of vector sequences by colony hybridization (43 RNA biochemistry. Isolation of RNA, dot blots, and hybridizations were performed as described before (61) .
GS assays. E. coli and Rhizobium cells were inoculated into 5 ml of LB or TY medium and grown overnight to saturation. A 0.5-ml sample was reinoculated in 50 ml of minimal medium supplemented with 0.2% (NH4)2SO4 and 0.2% glutamine, and the culture was incubated for 24 h at 37°C (E. coli) or 28°C (R. meliloti). The cells were harvested and resuspended in 50 ml of minimal medium without an N source (derepressing conditions) and grown for 10 h. Crude extract preparations, GS enzyme assays, and sucrose gradient analyses were performed as described before (56) .
Plant tests. Plant tests were carried out in 30-cm glass tubes. Medicago sativa seeds were surface sterilized by immersion for 3 min in 75% ethanol followed by 2 min in 0.1% HgCl2 and washed five times with sterile distilled water. The seeds were then germinated in the test tubes on a slant of B+D medium (7) under artificial light at 21°C (16-h day) and after 1 week were inoculated with an H20-washed culture of bacteria which had been grown in TY medium with the appropriate antibiotics. Acetylene reduction assays were carried out as described before (61) . Bacteria were reisolated from nodules as described before (61) .
Mini-Mu mutagenesis. Plasmid mutagenesis and lacZ gene fusion construction with mini-Mu lac transposons were carried out as described by Ratet et al. (53) and in the text.
Construction of a glnlI-lac fusion. Plasmid pFB691 was mutagenized with MudIIPR48 as described before (53) , and the mutagenized culture was conjugated en masse with Agrobacterium tumefaciens C58 (Table 1) cells. Blue transconjugants were selected on MinA plates (56) supplemented with 5-bromo-4-chloro-3-indolyl-3-D-galactose (X-gal), 0.1% nitrate, and 0.01% arginine (as nonrepressing nitrogen sources), rifampin (C58 marker), tetracycline (pFB691), and gentamicin (MudIIPR48). Fifty blue clones were streaked onto MinA medium with 0.2% glutamine as a repressing N source, and five clones showed repression of ,B-galactosidase activity. The plasmids were mobilized back to E. coli, the position and orientation of MudIIPR48 in pFB691 were mapped with restriction enzymes, and one pFB691 gInII:: P-Galactosidase assays. ,-Galactosidase activity was determined as described before (48) except that 50 ,ul of chloroform was used per assay. j3-Galactosidase activity of M. sativa nodules was determined as described before (52) . RESULTS Cloning the R. meliloti ginT locus. Initially, we attempted to clone the glnA and gInII genes from R. meliloti 1021 by genetic complementation of an E. coli gInA deletion. This strategy has been used successfully to clone the glnA gene from R. meliloti 104A14 (59) , Azorhizobium caulinodans (20) , and A. tumefaciens (57) . Therefore, E. coli FDB128 (recA AglnA) was transformed with an R. meliloti 1021 cosmid library constructed in pLAFRi (26) , and Gln+ transformants were selected. This resulted in the isolation of four slow-growing Gln' colonies which carried identical cosmids with -25-kilobase (kb) inserts of R. meliloti DNA that were colinear with the R. meliloti genome (data not shown). One cosmid (pFB61) was transferred to a Tcs derivative of E. coli FDB128 (FDB213) and chosen for further studies.
Although E. coli FDB213(pFB61) grew very slowly on minimal medium, taking 5 days to form colonies at 37°C, occasionally fast-growing derivatives arose. Cosmid DNA was isolated from eight of these fast-growing colonies, and in one case (pFDB616), we demonstrated that the fast-growing phenotype was due to a 0.7-kb deletion in the oriV region of the pLAFR1 vector. The deleted pLAFRi vector (pLAFR1*) was cloned from pFB616. Both pFB616 and pLAFR1* were found to have a significantly higher copy number in E. coli than pFB61 and pLAFR1, as determined by both small-and large-scale plasmid isolation procedures (data not shown). Interestingly, pLAFR1* could not be transferred to (or to replicate in) R. meliloti, A. tumefaciens, and Azorhizobium caulinodans ORS571. Both pFB61 and pFB616 were used in subsequent experiments.
Unexpectedly, no GS enzymatic activity (either transferase activity or biosynthetic activity; see Materials and Methods) could be detected in two E. coli ginA deletion mutants, FDB213 and YMC11, carrying either pFB61 or pFB616, despite the fact that both cosmids complemented the E. coli glnA deletions. The GS assays suggested that the gln locus cloned in pFB61 was neither glnA or gInlI, and this conclusion was supported by Southern blotting experiments, which showed that pFB61 DNA failed to hybridize to cloned ginA genes from Klebsiella pneumoniae(pFB54), R. meliloti (pJS44), and A. tumefaciens(pSR1301) or the cloned ginIl locus from B. japonicum(pJB196A) (data not shown). The gln locus cloned in pFB61 was called ginT.
In a second attempt to clone the R. meliloti 1021 glnA and ginI genes, E. coli YMC11 (AginA) was transformed with a newly constructed R. meliloti 1021 cosmid library in pLAFRi (see Materials and Methods), and 1,400 Tcr transformants were individually screened for clones with a Gln+ phenotype. Six slow-growing Gln+ colonies were obtained, each of which carried a cosmid with an insert that overlapped the region of the R. meliloti 1021 genome already cloned in pFB61. Since these six cosmids apparently did not carry the glnA or ginl locus (see below), they were not examined further.
Cloning of ginA and ginlI by using DNA probes. Because two attempts to clone the R. meliloti 1021 ginA and ginlI genes by genetic complementation had failed, we used previously cloned ginA and gInII genes as hybridization probes to clone the cognate R. meliloti 1021 genes. Southern blotting experiments showed that two R. meliloti 1021 EcoRI fragments (4 and 20 kb) hybridized to an R. meliloti 104A14 ginA probe (HindIll fragment of pJS44) and that three R. meliloti 1021 EcoRI fragments (two 0.5-kb fragments and a 10-kb fragment) hybridized to a B. japonicum ginII probe (SalI fragment of pJB196A) (data not shown). To clone these hybridizing fragments, 1,800 clones from the newly constructed R. meliloti 1021 pLAFRi library (see Materials and Methods) were screened by colony hybridization as described before (43) . With the R. meliloti 104A14 glnA probe, two cosmids that carried both the 4-kb and 20-kb hybridizing EcoRI fragments were identified (data not shown), one of which (pFB68) was selected for further analysis. With the B. japonicum ginII probe, one cosmid (pFB69) was identified that carried the two hybridizing 0.5-kb EcoRI fragments and the 10-kb hybridizing EcoRI fragment.
Despite the failure to clone a ginA gene by using the genetic complementation procedure, pFB68 complemented the Gln-phenotype of YMC11, and a high level of heatstable GS activity was observed in YMC11(pFB68) cells (data not shown). Both the 4-and 20-kb EcoRI fragments of pFB68 were required for complementation (data not shown), corroborating the hybridization data. YMC11(pFB69), on the other hand, failed to grow on minimal medium.
Characterization of the presumptive ginA gene on pFB68. Two adjacent restriction fragments of pFB68 (a 6-kb EcoRIBamHI fragment and a 3.6-kb EcoRI fragment) that hybridized to the R. meliloti 104A14 ginA probe were subcloned into pBR322 to form plasmid pFB682 (Fig. 1A) . E. coli YMC11(pFB682) was Gln+ and expressed a high level of GS transferase activity (data not shown). To delimit the presumptive ginA locus, pFB682 was mutagenized with Tn5 as described before (18), and pFB682::Tn5 plasmids were mapped by restriction enzyme analysis, delimiting the presumptive ginA gene to a -2.5-kb region surrounding the internal EcoRI site (Fig. 1A) . Maxicell analysis showed that pFB682 encoded a -55,000-dalton polypeptide that was not synthesized by pBR322 or a Gln-pFB682::TnS plasmid (Fig. 2, lanes 2 and 3) and that comigrated with the A. tumefaciens glnA product (Fig. 2, lane 1) .
Characterization of the presumptive glnlI gene of pFB69. A 4.3-kb PstI fragment from pFB69 that hybridized to the B. japonicum gInI probe was subcloned into pBR322, forming pFB691 (Fig. 1B) . Further hybridization experiments narrowed the region of gInlI homology to a -1.2-kb region of pFB691 between the PstI and ClaI sites (Fig. 1B, striped  area) . As was the case with pFB69, pFB691 failed to complement the Gln-phenotype of YMC11, and no GS transferase or biosynthetic activity was observed in YMC11(pFB691) cells. On the other hand, subculturing YMC11(pFB691) in minimal medium resulted in the isolation of a few Gln+ colonies, which were found to contain rearranged and multimerized pFB691 plasmids (data not shown). Similar results were obtained by Rossbach et al. (57) in the case of the A. tumefaciens ginII gene.
Forty-five pFB691::Tn5 insertions were mapped, and one insertion (37) that was located in the middle of the gInllhomologous region was selected for further study. Maxicell analysis showed that pFB691 encoded a 36,000-dalton polypeptide that was not synthesized by pBR322 or pFB691::TnS (37) (data not shown).
Characterization of the ginT locus on pFB616. Sixty pFB616::TnS plasmids were screened for their Gln phenotype in E. coli FDB213, and seven insertions were identified which resulted in a Gln-phenotype, all of which mapped 1 (Fig. 1C) , which complemented the Gln-phenotypes of E. coli YMC11 and FDB213 as efficiently as did pFB54, which carries the K. pneumoniae glnA gene.
To delimit the glnT locus further, 200 pFB6162::TnS insertions were screened for their Gln phenotype, and 30 Gln-and 70 Gln+ insertions were mapped, delimiting the glnT locus to a -5-kb region bounded by Tn5 insertions 78 and 73/74 (Fig. 1C) .
Maxicell analysis showed that pFB6162 encoded at least five polypeptides (57,000, 48,000, 38,000, 29,000, and 28,000 daltons; Fig. 3, lane 1) . When selected pFB6162::TnS plasmids were tested in maxicells, insertions further to the right (Fig. 1) 63 , and 81 blocked the synthesis of all five polypeptides (Fig.  3, lane 5) ; insertion 53 blocked the synthesis of the 57,000-and 48,000-dalton polypeptides (Fig. 3, lane 4) ; insertions 1, 13, and 62 blocked the synthesis of the 48,000-dalton polypeptide but caused the appearance of a new polypeptide (-42,000 daltons; Fig. 3, lane 3) , which presumably represents a truncated version of the 48,000-dalton polypeptides (18). These data suggest that the ginT locus is an operon consisting of several genes involved in the biosynthesis of glutamine.
Construction and characterization of R. meliloti 1021 gln mutants. Selected ginA::TnS mutations carried on plasmids pFB682, pFB691, and pFB6162 were marker exchanged into the R. meliloti genome as described in Materials and Methods. To construct a ginA glnII double mutant, the ginA gene The single R. meliloti 1021 glnA::TnS, glnII::TnS, and gInT: :TnS mutants were all Gln+, suggesting that none of the three gln loci is absolutely required for glutamine biosynthesis. These strains also grew like the wild type on a variety of nitrogen sources, including nitrate, arginine, ammonium, and glutamine (Asm+). In contrast, the double glnA:: MudIIPR46 gInII::TnS mutant was a glutamine auxotroph (Table 2) .
French press extracts were prepared from wild-type and gln mutant strains and analyzed by sucrose gradient centrifugation as described in Materials and Methods. R. meliloti 1021 (wild type) yielded two peaks of GS activity (GSI and GSII), the second of which (GSII) was heat sensitive (Fig.  4A ). The ginA::TnS mutant lacked the GSI peak (Fig. 4B) , and the gInII::TnS mutant lacked the GSII peak (Fig. 4D ). The gInT::TnS mutant yielded both GSI and GSII peaks of activity, although the relative levels of GSI and GSII activity were different than in the wild type (Fig. 5) .
Interestingly, all of the R. meliloti gln::TnS mutants, including the glnA glnII double mutant, elicited normal nitrogen-fixing nodules on M. sativa ( Table 2 ), indicating that none of the three GS activities are required for effective symbiosis. Reisolation of bacteria from the nodules revealed that no significant reversion of the mutations had occurred (data not shown).
Regulation of the R. meliloti gln genes. We first measured GSI and GSII activity following sucrose gradient centrifuga- tion of extracts from wild-type R. meliloti cells grown in the presence (0.2%) or absence of ammonia. GSII but not GSI activity was found to be significantly repressed by the high ammonia level (data not shown). Moreover, GSII activity could not be detected in R. meliloti ntrC (strain 5001) or ntrA (strain 1680) mutants, whereas GSI activity was not affected in these mutants (Fig. 4C) .
To determine whether regulation of GSII activity was occurring at the level of expression of the gInII gene, a glnII-lacZ fusion was constructed in pFB691 by using MudIIPR48 as described in Materials and Methods. Because MudIIPR48 carries an oriT site for efficient conjugal transfer and the origin of replication of the Ri plasmid of A. rhizogenes for stable low-copy-number replicon maintenance in Rhizobiaceae (53), the gInII-lacZ fusion could be stably transferred to wild-type R. meliloti 1021 and to R. meliloti ntrC and ntrA mutants. In wild-type cells, high levels of ,-galactosidase activity (4, 200 Miller units; 48) were found under derepressing conditions (GTS medium) plus 0.2% nitrate or 0.2% arginine) with succinate and lactate as the carbon source, whereas a low level of activity (180 Miller units) was found under repressing conditions (GTS medium plus 0.2% ammonium sulfate or 0.2% glutamine). No Igalactosidase activity was found in the ntrA or ntrC mutant strains under repressing or derepressing conditions. R. meliloti 1021 carrying the glnII-lacZ fusion was used to elicit M. sativa root nodules, but no ,3-galactosidase activity could be detected in 6-week-old nodules. pFB691::
MudIIPR48 was still present in more than 80%o of the bacteria that were reisolated from the nodules. In contrast, high levels of ,-galactosidase were found in nodules elicited by R. meliloti 1021 carrying a nifH-lacZ fusion (pVSP9A).
To study regulation of the ginT locus, an RNA dot blot analysis was carried out as described by Szeto et al. (61) . RNA isolated from R. meliloti 1021 and R. meliloti 5001 (ntrC) cultures grown under repressing (N) or derepressing (no N) conditions was spotted onto nitrocellulose filters and hybridized to 32P-labeled R. meliloti total DNA, pFB6162 (glnT) DNA, and pCE116 (fixABCX) DNA. Expression of ginT was found to parallel fixABCX expression, being repressed under nitrogen excess conditions and controlled by ntrC (Fig. 6) (61) .
The phenotypes of each of the R. meliloti gln mutants and of other R. meliloti regulatory mutants are summarized in Table 2 .
DISCUSSION
We have shown that in addition to gInA and glnII, R. meliloti has a novel complex locus, g1nT, involved in the biosynthesis of glutamine when present in multiple copies in E. coli. Surprisingly, we were able to clone the glnT locus but not the glnA or glnIl gene by direct complementation of an E. coli ginA deletion mutant. The failure to clone glnA and gInII by direct complementation was not due to the absence of these genes in our cosmid libraries, since we were able to identify cosmid clones containing the glnA and ginII genes by using heterologous hybridization probes. Our failure to clone gInII by complementation appears to be due to the fact that the R. meliloti glnII gene is not expressed in E. coli. Our failure to clone glnA by complementation may be due to the fact that the R. meliloti gInA gene is located at the junction of a 4-kb EcoRI fragment and a 20-kb EcoRI fragment. Because (61) and the text.
The R. meliloti 1021 gln locus cloned in plasmid pFB68 2 is analogous to ginA loci from enteric bacteria (2, 16) and members of the Rhizobiaceae (8, 20, 25, 57, 59 14 ,000 daltons with homology to the glnB product (Pll) of E. coli (12) . We did not detect the production of a protein of similar size in the R. meliloti 1021 ginA region; however, the size of the R. meliloti ginA locus as determined by TnS mutagenesis (Fig. 3) is large enough to accommodate a gInBA operon.
The R. meliloti 1021 gln locus cloned in plasmid pFB69 is analogous to the gInII loci of B. japonicum (9) and A. tumefaciens (57) (50) , in contrast to the situation in enteric bacteria (2, 16, 21, 24 The glnT locus appears to consist of a complex operon, based on maxicell analysis of polypeptides encoded by glnT and glnT::TnS plasmids. TnS mutations at the beginning of the locus (A and B, Fig. 1C) (14, 41) , as well as to the oxygen concentration (1, 14, 51) . ginA (GSI) gene expression in B. japonicum (1, 10) and A. tumefaciens (56, 57) appears to be constitutive. In fact, rhizobial GSI activity appears to be controlled only posttranslationally via (reversible) adenylation (13, 14, (39) (40) (41) .
In this work we have shown that GSII expression in R. meliloti is regulated quite differently, via transcriptional control of glnII expression through the ntr system, in response to the cellular nitrogen status. Thus, the ntrC and ntrA genes, previously shown to be involved in the regulation of nitrogen fixation and nitrate utilization (ntrA, ntrC) as well as C4-dicarboxylic acid transport (ntrA [55, 61] ) also control gnlnI expression in R. meliloti. This conclusion is consistent with our previous studies and observations with A. tumefaciens, in which ntrC control of ginII expression was also documented (56) . It is also consistent with conclusions drawn from studies with B. japonicum, in which glnIl mRNA was only found under conditions of severe nitrogen limitation (10) . Thus, whereas in E. coli the expression of a single gln gene (glnA) is regulated both transcriptionally (by the ntr system) (29, 54) and posttranslationally (by adenylylation) (44) 
